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Abstract 9 
Although trophic structure and feeding preferences of soil macroinvertebrates can 10 
change among habitats, the extent to which food web structure varies within ecosystems 11 
is unknown. In this work we aimed to assess changes in food web structure in an 12 
agroecosystem using an experiment setting in which plant and macroinvertebrate 13 




N) of soil, plants and 14 
macroinvertebrates were analyzed at increasing distances from trees within a citrus 15 
grove and in an adjacent abandoned field. Within the citrus grove the macroinvertebrate 16 
community near the trunk differed from that located further away because of a higher 17 




N values of soil, plants and 18 
macroinvertebrates decreased at increasing distances from trees. After correcting 19 
isotope values of macroinvertebrates by their isotopic baselines, macroinvertebrates 20 
2 
from the abandoned field presented lower δ
15
N values than those of the citrus grove (i.e. 21 
they fed on lower trophic positions), and within the citrus grove macroinvertebrates near 22 
the trunk presented lower δ
13
C than those of the treatments further away (i.e. they relied 23 
more in plant-based resources). Decreasing organic matter and water availability at 24 
increasing distances from trees is the most parsimonious explanation of the observed 25 
isotopic gradient, and may in turn drive changes in food web structure (composition and 26 
trophic positions of species) in the studied area, both within the citrus grove and 27 
between the citrus grove and the abandoned field. Therefore, food web studies must 28 
take into account within-habitat heterogeneity when determining sampling scale and 29 
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 34 
Introduction 35 
Soil, which is the ultimate destination of around 90% of the terrestrial net primary 36 
production, harbours a great diversity of organisms responsible for decomposition and 37 
nutrient cycling in ecosystems (Coleman et al. 2004). Their trophic relationships are 38 
depicted as food webs, which present the energy pathway from decomposers to 39 
predators and where high rates of omnivory are normally present (Moore and de Ruiter 40 
1991; Scheu 2002). The formalization of such complex structures has been traditionally 41 
based on direct observations. However, observational data are difficult to gather in soil 42 
3 
communities because of the size and habits of species, and even occasional observations 43 
might not be truly representative of the long-term relationship between two species. 44 




N) is an alternative 45 
approach that integrates information over time on trophic positions, trophic links with 46 





N increase with trophic level because of the fractionation process that enriches 48 
the consumer in the heavy isotope in relation to its diet (trophic enrichment). While the 49 
increase in δ
13
C is low (0.5±0.1‰) and, therefore, useful to infer potential food sources, 50 
the increase in δ
15
N is larger (2.3±0.2‰) and can be used as an estimator of trophic 51 
position (McCutchan et al. 2003). Overall, the isotopic variance of a population can be 52 
used as a proxy of the species niche width (Bearhop et al. 2004), and it has been useful 53 
to depict trophic relationships between the soil food web components (e.g. Scheu and 54 
Falca 2000; Ponsard and Arditi 2000). 55 
The role of macroinvertebrates in decomposer food webs is very important. Besides 56 
being ecosystem engineers responsible of soil structure formation, they process large 57 
amounts of litter, producing faeces that stimulates the microbial activity and, therefore, 58 
decomposition (Hättenschwiler et al. 2005). Thus, knowing to what extent the food web 59 
structure varies spatially can shed light into the drivers that ultimately determine the 60 
ecosystem functioning (Ettema and Wardle 2002). In this regard, stable isotopes have 61 
been proven to be useful to study trophic structure shifts of macrodecomposers between 62 
managed and abandoned pastures (Seeber et al. 2005), and to show that concrete groups 63 
of arthropods or whole communities can change their feeding habits among habitats 64 
(Gibb and Cunningham 2011; Klarner et al. 2014). However, the extent to which soil 65 
macroinvertebrate food web structure change within the same ecosystem is unknown. 66 
Moreover, there is scarce information of stable isotope research in agroecosystems and, 67 
4 
when present, the whole macroinvertebrate community is seldom analyzed. Therefore, 68 
knowing at what scale changes in soil macroinvertebrate community composition and 69 
trophic structure are present may help understand key ecosystem processes and the scale 70 
at which these studies should be conducted. 71 
We live in an heterogeneous world, and even within the same ecosystem it is expected 72 
some spatial variability in resources, thus leading to possible changes in food web 73 
structure at small scales. In this work we aim to assess the spatial variability in the soil 74 
macroinvertebrate food web structure of a Mediterranean agroecosystem. In particular, 75 
we want to study: i) the influence of spatial variability in resources in the 76 
macroinvertebrate community composition; ii) how and at what scale the environment 77 
influences the trophic structure of macroinvertebrates; and iii) how trophic structure 78 
differs across space between the delimited food webs. To do so we take advantage from 79 
a marked gradient in resource availability (organic manure and irrigation) from the trees 80 
in a citrus grove to a nearby abandoned field. Throughout this gradient we: i) analyzed 81 
plant and macroinvertebrate community composition; ii) analyzed stable isotopes of 82 
soil, plant and macroinvertebrates; and iii) over the delimited food webs we identified 83 
trophic groups of species and calculated several metrics of trophic diversity and trophic 84 
redundancy. 85 
 86 
Materials and methods 87 
Study site  88 
The study was conducted in an organic citrus grove and a nearby abandoned field 89 
located at La Selva del Camp (Tarragona, NE Spain; 41º13'07''N, 01º08'35''E). The 90 
grove consists of ca. 300 Clementine trees (Citrus clementina var. clemenules) grafted 91 
5 
on the hybrid rootstock Carrizo citrange (Poncirus trifoliata (L.) Raf. x Citrus sinensis 92 
(L.) Osb.). Trees are watered twice a week during dry periods and fertilized each year 93 
with organic manure. Grasses and other weeds form a permanent ground cover, which is 94 
mowed three or four times a year. The abandoned field is adjacent to the citrus grove. 95 
The edge consists on a smooth ravine with shrubs and some fruit trees. It was cultivated 96 
until 2003 and now is entirely covered by forbs, grasses and small shrubs, which are 97 
mowed once a year. 98 
Experimental design  99 
We set up an experiment to study the spatial variability in plant and macroinvertebrate 100 
communities and in stable isotope signatures of soil, plants and macroinvertebrates. We 101 
did that on a small scale and on a mesoscale. On the small scale we set three different 102 
treatments within the citrus grove at increasing distance from the tree trunk, where 103 
irrigation and fertilizer is applied: Citrus:Trunk (20 cm to the tree trunk), Citrus:Middle 104 
(150 cm), Citrus:Row (350 cm) (total: 9 trees; 27 samples, S-N oriented). On the 105 
mesoscale we compared the citrus grove with the abandoned field: Abandoned (ca. 30 106 
m from the trees). We selected 9 sampling units in the abandoned field, in a layout 107 
similar to the trees in the citrus grove and at a minimum distance of ca. 5 m from the 108 







Fig. 1 a) Location of the sampling units in the citrus grove (orange dots: selected trees) 115 
and in the abandoned field (blue dots), were samples of soil, plant and 116 
macroinvertebrates were taken. The edge between the citrus grove and the abandoned 117 
field is shown. Samples were taken at 20, 150 and 350 cm from each selected tree in the 118 
citrus grove (see b) for details). Samples in the abandoned field are at a distance of ca. 119 
30 m from the trees in the citrus grove. b) Sampling details within the citrus grove. The 120 
brown circle represents the tree trunk and the orange one the canopy. Green squares are 121 
the surfaces where samples were taken. Distance between trees of the same row is 3.5m, 122 
and between rows is 6m. Note that samples are S-N oriented. Image (a) provided by 123 










































Sampling details 152 
Samples were collected in July 2013 between 6 a.m. and 10 a.m. Each sample consisted 153 
of an area of 25x25 cm, on which the aerial part of plants were collected and preserved 154 
in dry paper until identification and processing. We dug to a depth of 15 cm and 155 
extracted the bulk of soil. Macroinvertebrates were collected with pincers and 156 
entomological aspirators and immediately preserved in 70% ethanol. For each sample 157 
we also kept 1 kg of soil for future analysis.  158 
We realized that the soil was very compact at the abandoned field, so we watered 159 
sampling areas and their surroundings (comprising 50x50 cm) 10 hours before sampling 160 
in order to facilitate soil digging. For this reason, as it was possible that the animal 161 
community changed overnight, we proceed conservatively and avoided the abandoned 162 
field data in community composition analyses and used for stable isotope analyses only 163 
the most abundant species. 164 
We also collected citrus leaves from each sampled tree within the citrus grove and 165 
samples of the fertilizer applied over the last three years (2011, 2012, 2013) beneath the 166 
tree canopy. Fertilizer of 2013 had a different composition from those of the other years 167 
because of an obligate change of provider. 168 
Sample processing and stable isotope analysis 169 
Soil samples were milled and sieved to 0.2 mm and pulverized on a mortar grinder. We 170 
analyzed organic matter by oxidation and eliminated inorganic carbon by acid from soil 171 
following Hesse (1971) and Midwood and Boutton (1998), respectively. 172 
Plants were identified using a reference collection (Kindermann 2010) of the studied 173 
area and with keys from Bolòs et al. (2005). We selected for isotopic analyses those 174 
9 
species accounting for the 90% of total biomass of each sample, and homogenized them 175 
to a fine powder with a mixer mill. 176 
Macroinvertebrates were identified to the species level when possible. We selected for 177 
isotopic analyses those edaphic species with individuals of the same stage present at 178 
least in two samples of a treatment (for ants we consider a nest as present if there were 179 
at least 25 individuals).  180 
We weighted 8-10, 1-1.5 and 0.2-2.5 mg of processed soil, plant and macroinvertebrate, 181 
respectively, into tin capsules for stable isotope analyses. If a macroinvertebrate 182 
specimen weighted more than 2.5 mg we homogenised it to a fine powder with a pestle. 183 
For snails and earthworms we analyzed muscle tissue. Samples were dried between 24-184 





N from all samples at the Stable Isotopes Analysis Lab 186 
(LAIE), at the Autonomous University of Barcelona, using a continuous-flow Delta V 187 
Advantage Isotope Ratio Mass Spectrometer, coupled to a Flash 1112 elemental 188 
analyzer (both from Thermo Fisher Scientific Inc., Waltham, MA USA). Samples were 189 
standardized to IAEA-600 (caffeine, δ
15
N: 1.0‰ ± 0.2 SD; δ
13
C: -27.771‰ ± 0.043 SD) 190 
from International Atomic Energy Agency (Vienna, Austria). Carbon and nitrogen 191 
isotope ratios were calculated relative to VPDBee and atmospheric air, respectively, and 192 
expressed as ‰. 193 
Data analyses 194 
Analyses aimed to test for differences on the small scale (i.e. treatments within the 195 
citrus grove) followed a randomized block design, with treatment as fixed factor and 196 
tree as a random factor. On the mesoscale (i.e. citrus grove vs abandoned field) we 197 
10 
performed an assymetrical design, with treatment as fixed factor and block (trees from 198 
the citrus grove and abandoned field) as a random factor nested in treatment.  199 
For plant and macroinvertebrate community composition analyses we used biomass and 200 
abundance data from each treatment, respectively. Raw data was first square-root 201 
transformed, and a permutational multivariate ANOVA was performed using the Bray-202 
Curtis similarity index. If differences in the community composition among treatments 203 
were significant, we ran a posteriori pairwise comparisons. If there were no differences 204 
between pairs of treatments within the citrus grove we pooled the treatments together 205 
for future comparison with the abandoned field. 206 
In the rest of analyses the statistical procedure was similar, but Euclidean distance was 207 
used instead and Monte Carlo p-values were generated when there were not enough 208 
permutations. P-values were adjusted when multiple comparisons were > 5 following 209 
the False Discovery Rate (FDR) method in R. 210 
For stable isotope analyses we compared signatures of soil, plant and 211 
macroinvertebrates among treatments. As we were interested in changes of the whole 212 
community, we included species as a random factor nested in family and trophic guild 213 
for plants and macroinvertebrates, respectively. The trophic guild of macroinvertebrates 214 
was defined according to literature (Armengol 1986, Blas 1987, Altaba and Ros 1991, 215 
Lövei and Sunderland 1996, Deckle and Fasulo 2001, Zimmer 2002, Bell et al. 2007, 216 
Gómez and Espadaler 2007, Krantz and Walter 2009).  217 
For macroinvertebrate food web structure we run an ANCOVA on macroinvertebrate 218 




N as covariates to correct community 219 
signature by its baseline and to study if trophic shifts were present among treatments.  220 
11 
We also delimited food webs based on structural and functional criteria (see Post et al. 221 
2007), and for each one we built ellipses of  isotopically similar macroinvertebrates 222 
(trophic groups), conducting pairwise comparisons between species bivariate δ
13
C and 223 
δ
15
N within each trophic guild (Electronic Supplementary Material (ESM) Table S5), 224 
and adjusting the level of significance by setting a conservative threshold of P < 0.01. 225 
We included in this analysis those species with n ≥ 4 to get a reasonable test. The rest of 226 
them were assigned to the closest trophic group. Trophic levels (TL) were calculated 227 
with the formula TL = 2 + (δ
15




N (Post 2002), where 2 is 228 




Ntop predator 229 
is the δ
15
N of the top predator in the food web, and ∆δ
15
N is the increase in δ
15
N per 230 
trophic level (2.3‰; McCutchan et al. 2003).  231 
Finally, we calculated Layman's community-wide metrics of trophic structure (Layman 232 
et al. 2007). We used a Bayesian approach to these metrics with the SIBER tool (Stable 233 
Isotope Bayesian Ellipses in R) contained in the SIAR package (Stable Isotope Analysis 234 
in R v.4.2; Parnell and Jackson 2013). 235 
Analyses were run with the software PERMANOVA+ for PRIMER v.6 (Anderson et al. 236 
2008), with the exception of community-wide metrics, that were run in R (R Core 237 
Team, 2015). 238 
 239 
Results  240 
Plant and arthropod community composition 241 
Plant community composition (ESM Table S1) changed across treatments within the 242 
citrus grove (pseudo-F2,16 = 6.14, P = 0.0003). Trunk was different from Middle and 243 
12 
Row (t = 2.64, P = 0.0063; t = 2.84, P = 0.0031; respectively), but no differences 244 
between Middle and Row were found (t = 1.18, P = 0.24). At a mesoscale (citrus grove 245 
vs abandoned field) the plant community was also different (pseudo-F2,17 = 3.21, P = 246 
0.0007), being both citrus grove communities different from that of the abandoned field 247 
(t = 1.45, P = 0.0001; t = 1.63, P = 0.0001; respectively). 248 
Within the citrus grove, Trunk was dominated by Parietaria officialis (Urticaceae) 249 
(60.1% of all biomass), whereas Middle+Row was characterized by the presence of 250 
several grasses (75.7%), mainly Avena barbata, Hordeum murinum and Cynodon 251 
dactylon. In the abandoned field grasses were also abundant (20.3% of all biomass), but 252 
other species such as Medicago sp. (Leguminosae, 26.4%), Dittrichia viscosa and 253 
Carduus pycnocephalus (Compositae, 43.1%) conformed the vast majority of plant 254 
biomass. Total biomass was higher in the abandoned field (631 ± 77 g·m
-2
) than in the 255 
citrus grove (234 ± 20 g·m
-2
) (Fig. 2a). 256 
Macroinvertebrate community composition (ESM Table S2) also changed across 257 
treatments within the citrus grove (pseudo-F2,16 = 5.48, P = 0.0001). As in plants, Trunk 258 
was different from Middle and Row (t = 2.65, P = 0.0014; t = 2.75, P = 0.0012; 259 
respectively), with no differences between Middle and Row (t = 1.48, P = 0.053).  260 
The Trunk macroinvertebrate community was characterized by a high abundance of 261 
staphylinid beetles (mainly Aleocharinae), isopods (Armadillidium vulgare and 262 
Porcellio sp.), chilopods (Geophilus sp. and Lithobius sp.) and from  the exclusive 263 
presence of the diplopod Polydesmus sp. In contrast, Erythraeidae mites and 264 
cockroaches (Loboptera decipiens) were more abundant in Middle+Row. Earthworms 265 
and snails were relatively more abundant in Trunk, whereas ants were concentrated in 266 
Middle. Without taking into account ants (social individuals aggregated in nests) total 267 
13 
abundance was higher in Trunk (1666 ± 260 individuals·m
-2
) than in the rest of 268 
treatments within the citrus grove (376 ± 46 individuals·m
-2



















Fig. 2 a) Plant biomass (g·m
-2
) and b) macroinvertebrate abundance (individuals·m
-2
) in 287 
each treatment (mean ± SE). For each treatment n = 9. Key for plants: Gra, Gramineae; 288 
Leg, Leguminosae; Com, Compositae; Urt, Urticaceae; GraC4, Gramineae (C4); Con, 289 
Convolvulaceae; Car, Caryophyllaceae; Cru, Cruciferae; Umb, Umbelliferae; Pla, 290 
Plantaginaceae. Key for macroinvertebrates: Col:Sta, Coleoptera: Staphylinidae; Iso, 291 
Isopoda; Ara, Araneae; Chi, Chilopoda; Col, Coleoptera; Aca, Acari; Der, Dermaptera; 292 
Dip, Diplopoda; Bla, Blattodea; Emb, Embioptera; Lep, Lepidoptera (larvae); Oli, 293 
Oligochaeta; Gas, Gasteropoda. Shared letters and no letters mean no differences 294 
between treatments (P > 0.05). Note the log scale used in the graphics. 295 
Macroinvertebrate community composition data from the abandoned field was excluded 296 




































































































































Stable isotope signatures of soil, plants and macroinvertebrates 328 
There were no differences in soil δ
13
C within the citrus grove (pseudo-F2,16 = 2.03, P = 329 
0.16). In contrast, there were significant decreasing values of δ
15
N at increasing 330 
distances from the tree trunk (pseudo-F2,16 = 104.53, P = 0.0001). The citrus grove had 331 
higher δ
13
C than the abandoned field (pseudo-F1,26 = 20.37, P = 0.0016), that presented 332 
the smaller δ
15
N among treatments (pseudo-F3,8 = 71.95, P = 0.0001) (Fig. 3). 333 
Within the citrus grove soil organic matter content (%) was 7.7±0.6, 4.3±0.6 and 334 
3.6±0.2 in Trunk, Middle and Row, respectively, whereas in the abandoned field was 335 
2.2±0.02 (n=4 in all treatments). 336 




N among treatments within the citrus grove (pseudo-337 
F2,43 = 14.19, P = 0.0001; pseudo-F2,43 = 7.88, P = 0.0012; respectively). Trunk had the 338 
lowest δ
13
C and the highest δ
15
N, and no differences in isotopic signatures were found 339 





N persisted (pseudo-F2,63 = 12.55, P = 0.035;  pseudo-F2,63 = 17.04, P 341 
= 0.035; respectively). The abandoned field presented higher δ
13
C than Trunk and the 342 
lowest δ
15
N among treatments (Fig. 3).  343 




N values among 344 
treatments within the citrus grove (pseudo-F2,213 = 0.23, P = 0.79; pseudo-F2,213 = 2.02, 345 
P = 0.14; respectively). However, the macroinvertebrate community in the citrus grove 346 




N than that of the abandoned field (pseudo-347 
F1,298 = 4.78, P = 0.0001; pseudo-F1,298 = 175.49, P = 0.0001; respectively) (Fig. 3).  348 
ESM Table S3 and S4 contain the complete list of stable isotope signatures for soil, 349 
plants and macroinvertebrates. 350 
17 
Fig. 3 a) δ
13
C and b) δ
15
N (mean ± SE) of soil, plants and macroinvertebrates in the 351 
different treatments within the citrus grove and in the abandoned field. Shared letters 352 
mean no differences between treatments (P > 0.05). Sample sizes (n) are given at the 353 














































































































Macroinvertebrate community paralleled the δ
13
C depletion of soil from the citrus grove 391 
to the abandoned field. Among plant species, the lowest δ
13
C was found in Trunk, in 392 
Rubia peregrina (32.7‰) (Rubiaceae), whereas the highest one (14.7‰) was that of the 393 
C4 grass Cynodon dactylon, present in Middle and Row. In all treatments no differences 394 
in δ
13
C were found between trophic guilds (Fig. 4a). 395 
Macroinvertebrate community paralleled the δ
15
N depletion present in both soil and 396 
plants. However, while soil and plants decreased in δ
15
N gradually at increasing 397 
distances from the tree trunk, in the macroinvertebrate community this depletion was 398 
only noticeable at a mesoscale (citrus grove vs abandoned field). The fertilizer applied 399 
near the tree trunk was always enriched in 
15
N (2011: 16.1‰; 2012: 15.0‰; 2013: 400 
9.1‰) with respect of soil in Trunk (8.3‰). Among plant species, the highest δ
15
N was 401 
found in Trunk, in Sonchus oleraceus (11.8‰) (Compositae), whereas the lower ones 402 
were found in the abandoned field (S. oleraceus, -4.0‰; Trifolium campestre, -1.5‰ 403 
(Leguminosae)). Although no differences in δ
15
N were found between trophic guilds in 404 
Trunk, in the rest of treatments there was a gradual pattern, yet overlapping, of δ
15
N 405 











Fig. 4 a) δ
13
C and b) δ
15
N (arithmetic mean) of environment (soil, fertilizer, plants, 416 
citrus leaves) and macroinvertebrates classified in trophic guilds (detritivores, 417 
herbivores, omnivores, predators). For plants and macroinvertebrates each point 418 
represents one species. For macroinvertebrates within each treatment, shared letters or 419 
no letters mean no differences in δ values between trophic guilds (P > 0.05). Due to a 420 






















































































Food web structure 453 
Differences in macroinvertebrate community composition led us to delimit two food 454 
webs within the citrus grove (Trunk and Middle+Row), whereas different 455 
macroinvertebrate isotopic signature in the abandoned field also denotes and 456 























Table 1 Summary of the findings made in terms of spatial variability in community 479 
composition and stable isotope signatures. Same colour among treatments mean no 480 
differences between them. For isotopic signatures darker hue mean higher value. 481 
Macroinvertebrate community composition data from the abandoned field was excluded 482 
in the analysis (see Materials and Methods section). 483 
    Citrus:Trunk Citrus:Middle Citrus:Row Abandoned 
Community  
composition 
Plants         
     Macroinvertebrates       Not analized 
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N (covariates) did not affect macroinvertebrate 499 
community isotopic signatures (pseudo-F1,212 = 1.05, P = 0.32; pseudo-F1,212 = 0.01, P = 500 
0.91; respectively). However, once isotopic signatures were corrected by their isotopic 501 
baselines, differences in δ
13
C between treatments arose (pseudo-F2,212 = 6.00; P = 502 
0.0036), being Trunk depleted in 
13
C with respect of Middle and Row (t = 2.77, P = 503 
0.0063; t = 2.04, P = 0.045; respectively), with no differences between Middle and Row 504 
(t = 0.67, P = 0.51). In contrast, no differences in δ
15
N between treatments persisted 505 





N affected macroinvertebrate community isotopic signatures (pseudo-507 
F1,297 = 6.63, P = 0.0063; pseudo-F1,297 = 113.71, P = 0.0001; respectively). After 508 
controlling by these covariates the effect of treatment on δ
13
C disappeared (pseudo-509 
F1,297 = 0.70; P = 0.44), but persisted for δ
15
N (pseudo-F1,297 = 22.31, P = 0.0001), 510 
indicating that macroinvertebrates from the citrus grove were enriched in 
15
N with 511 
respect of those from the abandoned field. 512 




N allowed to establish nine trophic groups in each food 513 
web. In Trunk (Fig. 5d) the food web consisted in 4 trophic groups of detritivores, 2 of 514 
herbivores, 1 of omnivores and 2 of predators. Middle+Row food web (Fig. 5e) 515 
presented 3 trophic groups of detritivores, 2 of herbivores, 1 of omnivores and 3 of 516 
predators. Finally, the abandoned field food web (Fig. 5f) had 3 trophic groups of 517 
detritivores, and 2 of herbivores, omnivores and predators. Macroinvertebrates spanned 518 
through 5.8 trophic levels in Trunk, 5.4 in Middle+Row and 5 in the abandoned field 519 
food web. Although in all food webs the vast majority of macroinvertebrates are close 520 
to that δ
13
C of soil (Fig. 5a, b and c), some trophic groups (or at least species) of 521 




For trophic diversity, Middle+Row food web was that with a higher diversification at its 523 
base (higher δ
13
C range), whereas trophic lenght (δ
15
N range) decreased from the Trunk 524 




N space) was 525 
higher in the citrus grove food webs than in the abandoned field one. Average trophic 526 
diversity (mean distance of each species to the community centroid) was higher in 527 
Trunk than in the rest of the food webs. For trophic redundancy, the abandoned field 528 
food web presented higher density of species (MNND) and higher evenness of their 529 
distribution (SDNND) than those from the citrus grove (Table 2). Although certainly 530 
credibility intervals overlapped to a greater or lesser extent between metrics (ESM Fig. 531 
S1), the probabilities of the bayesian models indicated that there is a trend in that 532 
trophic diversity in Trunk ≥ Middle+Row > Abandoned and, for trophic redundancy, 533 














  548 
26 




N (mean ± SE) of macroinvertebrates, plants, soil, 549 
and other environmental items are provided for each food web. In d), e) and f) 550 
macroinvertebrates of the same trophic guild are grouped into ellipses of  isotopically 551 
similar species, conforming trophic groups of detritivores (brown), herbivores (green), 552 
omnivores (blue) and predators (red) in each food web. Each trophic group is labelled 553 
(e.g. d1 = trophic group 1 of detritivores). δ
15
N for each trophic level (TL) is indicated 554 
on the y-axis. As there were isotopic differences between soil from Middle (M) and 555 
Row (R), both are represented in b). For coherence in graphic representation, δ values of 556 
































































































































































































































































































Table 2 Mean (in ‰, except for total area (‰
2
)) of the community-wide metrics of 577 
trophic diversity and trophic redundancy calculated for each food web using a bayesian 578 
approach. Probabilitiy that a metric is higher in a food web than in another is given. 579 
Type Metric Food web Probability that 
    









δ13C range  5.5 6.6 5.5 0.272 0.535 0.728 
 
δ15N range  10.1 8.8 7.6 0.761 0.923 0.817 
 
Total area  34.9 36.7 25.3 0.447 0.873 0.891 
 
Mean distance to centroid 2.5 2.2 2.1 0.820 0.918 0.677 
Trophic  
redundancy 
Mean nearest neighbour 
distance (MNND) 
0.9 0.9 0.8 0.513 0.745 0.740 
  
Standard deviation of nearest 
neighbour distance (SDNND) 
0.7 0.8 0.5 0.337 0.746 0.863 




















Spatial variability in community composition 599 
Within the citrus grove, the macroinvertebrate community near the trunk differed from 600 
that located farther away, mainly because of a higher number of detritivores (e.g. 601 
Aleocharinae staphylinid beetles). It is known that decomposer communities are most 602 
developed in organic soils (Anderson 1975), and therefore they benefit from organic 603 
farming (Birkhofer et al. 2008). Thus, the organic manure applied near the tree trunk 604 
may be fostering faunal decomposers. In addition, irrigation below the canopy may 605 
increase the abundance of herbivores by enhancing plant quality (Pérez-Fuertes et al. 606 
2015), as indicated by the concentration of diplopods and snails in Trunk. Given that 607 
low spatial variability in food web composition in homogeneous forests are supposed to 608 
be related to a low spatial variability in organic matter turnover (Berg and Bengtsson 609 
2007), the striking small scale at which differences in macroinvertebrate community 610 
appeared (decimetres) probably reflects the scale at which differences in soil organic 611 
matter content appear (Trunk: 7.7±0.6%; Middle+Row: 3.9±0.3%).  612 
Plant community followed a predictable distribution common to agricultural and ruderal 613 
environments in the Mediterranean region (Folch and Franquesa 1984). Parietaria 614 
officinalis (Urticaceae) is a nitrophilous plant most abundant near the trunk, where the 615 
fertilizer is applied. In contrast, between tree rows is common to find communities 616 
dominated by annual weeds and perennial grasses such as Cynodon dactylon. 617 
Abandoned crops often become barren land, with progressive enrichment in nitrogen 618 
and high soil compaction. These environments tend to be dominated by ruderal species 619 
such as Dittrichia viscosa and Carduus pycnocephalus (Compositae). 620 
Spatial variability in environmental stable isotope signatures 621 
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Water stressed plants are enriched in 
13
C due to an increase in water use efficiency, and 622 
C4 plants present higher δ
13
C (~ -14‰) than C3 plants (~ -27‰) (Marshall et al. 2007). 623 
We suggest that plants near the trunk had lower δ
13
C than plants from the other 624 
treatments due to the effect of irrigation. In addition, Cynodon dactylon, a C4 grass 625 
present in Middle+Row, broadened this difference (ESM Table S3). Since soil δ
13
C 626 
integrates plant material δ
13
C over time (Balesdent et al. 1993), higher δ
13
C and wider 627 
differences between soil and plant δ
13
C in the citrus grove might be a consequence of a 628 
gradual substitution of C4 for C3 plants. While in the past the plant community in the 629 
citrus grove was dominated by Portulaca oleracea (Portulacaceae, C4) (Cañellas, 630 
personal communication), now  is dominated by C3 grasses, with C. dactylon 631 
representing only the 7.3% of total biomass. 632 
Plants are assumed to reflect bulk soil δ
15
N, and while 
15
N-enriched fertilizers enrich 633 
soil in 
15
N, nitrogen-fixing organisms reflect atmospheric δ
15
N (0‰) (Evans 2007, 634 
Marshall et al. 2007). Fertilizer applied near the trunk was on average 5.1‰ higher than 635 
soil. Thus, decreasing values of soil and plant δ
15
N from the tree trunk to the abandoned 636 
field are supposed to be related to the effect of the fertilizer. Moreover, legumes (with 637 
N-fixing symbionts) were abundant in the abandoned field (26.4% of all biomass) and 638 
might slowly deplete soil δ
15
N by long-term litter deposition.  639 
Stable isotope signatures of macroinvertebrates 640 
Isotopic composition of ecosystems affects the isotopic composition at the base of the 641 
food web (Post 2002), which in turn affects the entire community (Ponsard and Arditi 642 
2000). While less mobile organisms may reflect the isotopic signal of their 643 
environment, wider foraging area are expected to lead in the integration of some of the 644 
environmental isotopic variability (Bearhop et al. 2004). Macroinvertebrate community 645 
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N of soil from the citrus grove to the abandoned 646 
field, suggesting that these communities are physically and, therefore, trophically 647 
isolated from one another. 648 
The small differences in δ
13
C between trophic guilds in all treatments and their close 649 
relation to the isotopic soil signature suggests a generalized common pathway of energy 650 
flux from soil organic matter to detritivores to predators, common in soil food webs 651 
(e.g. Halaj et al. 2005). However, the wide range of δ
13
C (4.9‰ ± 0.3) suggests other 652 
potential pathways like that related to primary production that herbivores might be 653 
exploiting. 654 
In contrast, there was a clear pattern of 
15
N enrichment from detritivores to predators. 655 
This means that classifying macroinvertebrates into a priori trophic guilds can help to 656 
understand the food web structure, since, as stated by Layman et al. (2007), "disparate 657 
feeding pathways may lead to the same position of two or more species in niche space". 658 
However, there was a large intraguild variability, reflected by  δ
15
N range in detritivores 659 
(5.4±0.3‰) and predators (5.4±0.7‰). Thus, this classification would be useful as long 660 
as taxonomic resolution is high (Mestre et al. 2013). This great intraguild variability and 661 
the overlap between trophic guilds corroborates the idea that soil food webs are formed 662 
by a trophic continuum rather than by well defined trophic levels (Scheu and Falca 663 
2000, Ponsard and Arditi 2000), containing functional groups within trophic guilds 664 
(Oelbermann and Scheu 2010). Thus, these food webs are dominated by two trophic 665 
levels (detritivores and predators) with unspecific feeding habits and high levels of 666 
omnivory (Scheu and Setälä 2001).  667 
Food web structure: trophic shifts 668 
32 
Food webs are often ascribed to traditional ecosystem units (i.e. community webs sensu 669 
Cohen 1977). However, we were able to define two food webs within the citrus grove 670 
just a few decimetres apart. Evidences of food web division stem from differences in 671 
community composition, different top predators at each food web (ecotrophic module; 672 
Cousins 1990) and differences in corrected δ values (see below). Nevertheless, since 673 
these food webs shared 26% of total species (probably the most mobile ones) total 674 
impermeability is not expected (see Post et al. 2007). 675 
Post (2002) outlined the necessity to consider the food web baseline to separate 676 
community isotopic changes due to the baseline itself from those due to shifts in food 677 
web structure. Corrected δ values suggest that macroinvertebrates from the citrus grove 678 
are feeding on higher trophic positions than those from the abandoned field. We 679 
hypothesize that higher total abundance of decomposers near the trunk is driven by 680 
detritus subsidies from the organic fertilizer (Polis et al. 1997), ultimately leading to an 681 
increase in trophic lenght (productive space hypothesis; Schoener 1989) and therefore in 682 
trophic diversification (Hutchinson 1959). Increased productivity may in turn allow 683 
species of the same trophic level to avoid competition (Hairston et al. 1960), enabling 684 
them in turn to feed on higher trophic positions (protein-rich diets) and rely less in 685 
omnivory or plant-based resources. This hypothesis is reinforced by two evidences. 686 
First, by the trend in decreasing trophic diversity from the citrus grove to the abandoned 687 
field (generally, Trunk ≥ Middle+Row > Abandoned) and in the higher trophic 688 
redundancy in the abandoned field (generally, Abandoned field ≥ Citrus grove), which 689 
mean higher trophic niche overlap and therefore higher competition among species 690 
(Layman et al. 2007). Second, by the fact that even the seed harvester ant Messor 691 
barbarus is enriched in 
15
N in the citrus grove in comparison to the abandoned field. In 692 
the citrus grove these ants were observed carrying dead animals to their nests, a 693 
33 
behaviour not observed in the abandoned field. Messor barbarus is thought to feed 694 
preferentially on seeds because it is a more abundant resource and decreases 695 
interspecific competition (Fernández-Escudero and Tinaut 1993).  696 
Corrected δ values also show that within the citrus grove, Trunk food web was depleted 697 
in 
13
C in comparison to Middle+Row food web, suggesting that nutrient and water 698 
subsidies from fertilization and irrigation may enhance plant quality and additional 699 
energy pathways related to plant and fungal resources (see below). 700 
Food web structure: trophic groups of arthropods 701 
For detritivores, Loboptera decipiens (Blattodea) appears to be the primary decomposer 702 
at the base of all food webs (d1; see Fig. 5), with similar isotopic values than that of 703 
soil. While in the citrus grove food webs the rest of detritivores act as secondary 704 
decomposers (d2-d4), in the abandoned field even the same species seem to act as 705 
primary decomposers (d1), probably as a consequence of a slowing in decomposition 706 
processes (Seeber et al. 2005). In all food webs staphylinid beetles are the group of 707 
detritivores with lower δ
13
C values, suggesting that they rely on decomposed fractions 708 
of plant material such as litter, which is enriched in 
13
C in comparison to fresh material 709 
(Tiunov 2007). While in Trunk Medon sp. may act as both primary and secondary 710 
decomposer (d4, TL 2-3), in the abandoned field might be a saprophague (d3, TL 4). 711 
Within the citrus grove the rest of detritivores present higher δ
13
C values and consist in 712 
secondary decomposers represented by earthworms (only in Trunk) and isopods, 713 
potentially feeding on soil organic matter and detritus. In all food webs the isopod 714 
Armadillidium vulgare have the highest δ
13
C value, which may reflect its preference for 715 
feeding on faecal material (Zimmer 2002), known to be enriched in 
13
C (DeNiro and 716 
Epstein 1978). The myrmercophilous beetle Oochrotus unicolor (Histeridae) presents a 717 
34 
similar isotopic signature than the seed harvester ant Messor barbarus, suggesting a 718 
high reliance on the ant's food resources and remains. 719 
Predators form two clear distinct groups in Trunk food web. The first group (p1; see 720 
Fig. 5), composed by predatory staphylinids and lyniphiid spiders (average body length 721 
2.1 mm), is potentially exploiting the additional energy channel, preying upon litter 722 
feeder staphylinids and probably non-analyzed mesoarthropods such as fungal feeder 723 
collembola, which have low δ
13
C values and are present in the diet of lyniphiids 724 
(Pollierer et al. 2009; Piñol et al. 2014). The staphylinid beetle Philonthus sp. may as 725 
well prey on multiple trophic levels and even engage cannibalism given its 726 
extraordinary high variance in δ
15
N. Although the herbivorous snail Cornu aspersum is 727 
a potential prey for the predatory snail Rumina decollata (Deckle and Fasulo 2001), due 728 
to high differences between their δ
13
C values the later might be feeding on other plant or 729 
soil-based resources. The second group (p2) is formed by chilopods and bigger spiders 730 
(average body length 11.6 mm), potentially preying on secondary decomposers below 731 
them and non-analyzed enchythaeids, which present high δ
13
C values (Schmidt et al. 732 
2004). Since this predator group are one trophic level above the former, intraguild 733 
predation must also be considered, even for the spider Nemesia sp. (the 734 
macroinvertebrate top predator, TL 6) within its trophic group. However, while in this 735 
food web intraguild predation might be restricted to the bigger species and may be less 736 
common due to high prey availability (Wise et al. 1999), in Middle+Row there are 737 
evidences that it is a pervasive feature: although prey subsidies from Trunk may allow 738 
the existence of a diversified predator community (Polis et al. 1997), there is a 739 
generalized scarcity of potential food sources, high overlap between trophic groups (p1-740 
p2) and trophic niches of species, and mean 
15
N enrichment with respect to detritivores 741 
is 3.1‰, which is more than one trophic transfer. In the abandoned field food web, 742 
35 
predator structure layout is similar to that of the citrus grove, but simpler. It has been 743 
proposed that feeding in lower trophic positions may reflect a simple community, where 744 
lower rates of predation may occur (Gibb and Cunningham 2011). Therefore, low 
15
N 745 
enrichment from detritivores to predators (2‰, as in Trunk) might suggest high levels 746 
of omnivory (Cabana and Rasmussen 1994) rather than a generalized lack of intraguild 747 
predation. For instance, Silpha puncticollis (Coleoptera: Silphidae), which present the 748 
lowest δ
15
N among predators (5.2‰), can shift its feeding habits depending on the 749 
availability of resources (Blas 1987). Kissister minimus (Coleoptera: Histeridae), the 750 
macroinvertebrate top predator in Middle+Row and Abandoned food webs, occupy a 751 
very different trophic position compared to the rest of predators. Although it might be 752 
engaging intraguild predation, potential food sources are difficult to discern with the 753 
available data. 754 
Omnivorous arthropods are always placed between detritivores and predators, which is 755 
consistent with their animal and plant-based resources utilization. An exception is the 756 
ant Plagiolepis pygmaea in the abandoned field food web, which has a very low δ
13
C 757 
value, probably reflecting an over-reliance on plant-based resources in an environment 758 
poor in potential preys, a feature previously reported in omnivorous ants (Tillberg et al. 759 
2007). 760 
According to their trophic guild, herbivores generally presented the lowest δ
13
C values, 761 
i.e., those closer to the plants. However, the diplopod Polydesmus sp. in Trunk, the seed 762 
harvester ant Messor barbarus in Middle+Row and Abandoned, and the embiopteran 763 
Haploembia solieri in Abandoned, presented higher δ
13
C values, suggesting that they 764 
might be feeding on 
13
C-enriched non-analyzed plant compounds (see Pollierer et al. 765 
2009).  766 
36 
Concluding remarks 767 
In the studied agroecosystem, the gradient in soil organic matter content (fertilizer) and 768 
water availability (irrigation) from the tree trunk in the citrus grove to the adjacent 769 
abandoned field could be demonstrated by soil and plant isotopic signatures. This 770 
spatial variability is thought to be the main driver of changes in food web structure. 771 
Within the citrus grove, detritus and water subsidies may be fostering faunal 772 
decomposers and an additional plant/fungal-based energy channel near the tree trunk, in 773 
comparison to increasing distances. Compared to the abandoned field, increased prey 774 
availability in the citrus grove may in turn allow higher trophic diversification and let 775 
the macroinvertebrate community to feed on higher trophic positions. 776 
Food web studies must take into account within-habitat heterogeneity, since our study 777 
highlights that even macroinvertebrate communities can show differences in 778 
composition and trophic structure at scales of decimetres. Thus, such small scales 779 
should be considered when determining sampling scales and food web-related 780 
ecosystem processes. 781 
 782 
Acknowledgments 783 
We thank the following people for animal identification: JA Barrientos and L Mestre 784 
(Arachnida), MJI Briones (Oligochaeta), V Bros (Gastropoda), J Marshall (Blattodea), 785 
A Serra (Myriapoda), J Muñoz-Batet (Coleoptera). Pau Comes performed and provided 786 
valuable assistance in the isotopic analyses. We are grateful to Núria Cañellas for 787 
permission to conduct field research on her land. This work has been funded by MCYT-788 
FEDER (Spain) (CGL2010-18182/BOS) and supported by a collaboration grant from 789 
MECD (Spain) (8031397). 790 
37 
 791 
All applicable institutional and/or national guidelines for the care and use of animals were followed. 792 
Conflict of Interest: The authors declare that they have no conflict of interest. 793 
 794 
References  795 
Altaba CR, Ros J (eds.) (1991) Invertebrats no artròpodes. Història Natural dels Països 796 
Catalans, vol. 8. Enciclopèdia Catalana, Barcelona.  797 
Anderson JM (1975) The enigma of soil animal species diversity. In: Vanek J (ed) 798 
Progress in Soil Zoology. Academia, Prague, pp 51-58. doi:10.1007/978-94-799 
010-1933-0_5 800 
Anderson MJ, Gorley RN, Clarke KR (2008) PERMANOVA+ for PRIMER: Guide to 801 
Software and Statistical Methods. PRIMER-E. Plymouth, UK. 802 
Armengol J (ed.) (1986) Artròpodes (I). Història Natural dels Països Catalans, vol. 9. 803 
Enciclopèdia Catalana, Barcelona.  804 
Bell WJ, Roth LM, Nalepa CA (2007) Cockroaches. Ecology, Behaviour and Natural 805 
History. The Johns Hopkins University Press, Baltimore.  806 
Balesdent J, Girardin C, Mariotti A (1993) Site-related δ
13
C of tree leaves and soil 807 
organic matter in a temperate forest. Ecology 74(6): 1713-1721. 808 
doi:10.2307/1939930 809 
Birkhofer K, Bezemer TM, Bloem J, Bonkowski M, Christensen S, Dubois D, Ekelund 810 
F, Flieβbach A, Gunst L, Hedlund K, Mäder P, Mikola J, Robin C, Setälä H, 811 
Tatin-Froux F, Van der Putten WH, Scheu S (2008) Long-term organic farming 812 
38 
fosters below and aboveground biota: Implications for soil quality, biological 813 
control and productivity. Soil Biol Biochem 40: 2297-2308. 814 
doi:10.1016/j.soilbio.2008.05.007 815 
Blas M (ed.) (1987) Artròpodes (II). Història Natural dels Països Catalans, vol. 10. 816 
Enciclopèdia Catalana, Barcelona.  817 
Bearhop S, Adams CE, Waldrons S, Fuller RA, Macleod H (2004) Determining trophic 818 
niche width: a novel approach using stable isotope analysis. J Anim Ecol 73: 819 
1007-1012. doi:10.1111/j.0021-8790.2004.00861.x 820 
Berg MP, Bengtsson J (2007) Temporal and spatial variability in soil food web 821 
structure. Oikos 116: 1789-1804. doi:10.1111/j.2007.0030-1299.15748.x 822 
Bolòs O, Vigo J, Masalles RM, Ninot JM (2005) Flora manual dels Països Catalans. 823 
3rd edn. Pòrtic, Barcelona.  824 
Cabana G, Rasmussen JB (1994) Modelling food chain structure and contaminant 825 
bioaccumulation using stable nitrogen isotopes. Nature 372: 255-257. 826 
doi:10.1038/372255a0 827 
Cohen JE (1977) Food webs and the dimensionality of trophic niche space. Proc Natl 828 
Acad Sci USA 74(10): 4533-4536   829 
Coleman DC, Crossley DA, Hendrix PF (eds.) (2004) Fundamentals of Soil Ecology, 830 
2nd edn. Elsevier Academic Press, USA.  831 
Cousins SH (1990) Countable ecosystems deriving from a new food web entity. Oikos 832 
57(2): 270-275. doi:10.2307/3565949 833 
39 
Deckle GW, Fasulo TR (2001) Brown Garden Snail, Cornu aspersum (Müller, 1774) 834 
(Gastropoda: Helicidae). UF/IFAS Extension, Gainesville. Document EENY-835 
240. 836 
DeNiro MJ, Epstein S (1978) Influence of diet on the distribution of carbon isotopes in 837 
animals. Geochim Cosmochim Ac 42: 495-506. doi:10.1016/0016-838 
7037(78)90199-0 839 
Ettema CH, Wardle DA (2002) Spatial soil ecology. Trends Ecol Evol 17(4) 177-183. 840 
doi:10.1016/S0169-5347(02)02496-5 841 
Evans RD (2007) Soil nitrogen isotope composition. In: Michener R, Lajtha K (eds) 842 
Stable Isotopes in Ecology and Environmental Science. 2nd edn. Blackwell 843 
Publishing, USA, pp 83-98. 844 
Fernández-Escudero I, Tinaut A (1993) Alimentación no granívora en Messor bouvieri 845 
Bondroit, 1918 y Messor barbarus (L. 1767) (Hymenoptera: Formicidae). Boln 846 
Asoc Esp Ent 17(2) 247-254.  847 
Folch R, Franquesa T (eds.) (1984) Vegetació. Història Natural dels Països Catalans, 848 
vol. 7. Enciclopèdia Catalana, Barcelona.  849 
Gibb H, Cunningham SA (2011) Habitat contrasts reveal a shift in the trophic position 850 
of ant assemblages. J Anim Ecol 80: 119-127. doi:10.1111/j.1365-851 
2656.2010.01747.x 852 
Gómez K, Espadaler X (2007) Hormigas Ibéricas. http://www.hormigas.org/. 853 
[Accessed 15 June 2015] 854 
40 
Hairston NG, Smith FE, Slobodkin LB (1960) Community Structure, Population 855 
Control, and Competition. Am Nat 94(879): 421-425 856 
Halaj J, Peck RW, Niwa CG (2005) Trophic structure of a macroarthropod litter food 857 





C. Pedobiologia 49: 109-118. doi:10.1016/j.pedobi.2004.09.002 859 
Hättenschwiler S, Tiunov AV, Scheu S (2005) Biodiversity and litter decomposition in 860 
terrestrial ecosystems. Annu Rev Ecol Evol Syst 36: 191-218. 861 
doi:10.1146/annurev.ecolsys.36.112904.151932  862 
Hesse PR (1971) A Textbook of Soil Chemical Analysis. John Murray, London. 863 
Hutchinson GE (1959) Homage to Santa Rosalia or Why Are There So Many Kinds Of 864 
Animals? Am Nat 93(870): 145-159. 865 
Kindermann S (2010) Ant Communities in Different Mediterranean Agroecosystems: 866 
Effects of Microclimate and Vegetation. Bachelor Thesis, University of 867 
Bielefeld, Germany. 868 
Klarner B, Ehnes RB, Erdmann G, Eitzinger B, Pollierer MM, Maraun M, Scheu S 869 
(2014) Trophic shift of soil animal species with forest type as indicated by 870 
stable isotope analysis. Oikos 123: 1173-1181. doi:10.1111/j.1600-871 
0706.2013.00939.x  872 
Krantz GW, Walter DE (eds.) (2009) A Manual of Acarology. 3rd edn. Texas Tech 873 
University Press, Lubbock, Texas. 874 
41 
Layman CA, Arrington DA, Montaña CG, Post DM (2007). Can stable isotope ratios 875 
provide for community-wide measures of trophic structure? Ecology 80(1): 42-876 
48. doi:10.1890/0012-9658(2007)88[42:CSIRPF]2.0.CO;2 877 
Lövei GL, Sunderland KD (1996) Ecology and behaviour of ground beetles 878 
(Coleoptera: Carabidae). Annu Rev Entomol 41: 231-256. 879 
doi:10.1146/annurev.en.41.010196.001311 880 
McCutchan JH, Lewis WM, Kendall C, McGracth C (2003) Variation in trophic shift 881 
for stable isotope ratios of carbon, nitrogen, and sulfur. Oikos 102: 378-390. 882 
doi:10.1034/j.1600-0706.2003.12098.x 883 
Marshall JD, Brooks JR, Lajtha K (2007) Sources of variation in the stable isotopic 884 
composition of plants. In: Michener R, Lajtha K (eds) Stable Isotopes in 885 
Ecology and Environmental Science. 2nd edn. Blackwell Publishing, USA, pp 886 
22-60. 887 
Mestre L, Piñol J, Barrientos JA, Espadaler X, Brewitt K, Werner C, Platner C (2013) 888 
Trophic structure of the spider community of a Mediterranean citrus grove: A 889 
stable isotope analysis. Basic Appl Ecol (14) 413-422. 890 
doi:10.1016/j.baae.2013.05.001 891 
Midwood AJ, Boutton TW (1998) Soil carbonate decomposition by acid has little effect 892 
on δ
13
C of organic matter. Soil Biol Biochem 30(10/11): 1301-1307. 893 
doi:10.1016/S0038-0717(98)00030-3 894 
Moore JC, de Ruiter PC (1991) Temporal and spatial heterogeneity of trophic 895 
interactions within below-ground food webs. Agr Ecosyst Environ 34: 371-394. 896 
doi:10.1016/0167-8809(91)90122-E 897 
42 
Oelbermann K, Scheu S (2010) Trophic guilds of generalist feeders in soil animal 898 




N). B Entomol Res 899 
100: 511-520. doi:10.1017/S0007485309990587 900 
Parnell A, Jackson A (2013) siar: Stable Isotope Analysis in R. R package version 4.2. 901 
http://CRAN.R-project.org/package=siar 902 
Pérez-Fuertes O, García-Tejero S, Pérez-Hidalgo N, Mateo-Tomás P, Olea PP (2015) 903 
Irrigation effects on arthropod communities in Mediterranean cereal agro-904 
ecosystems. Ann Appl Biol 167(2) 236-249. doi:10.1111/aab.12223 905 
Piñol J, San Andrés V, Clare EL, Mir G, Symondson WOC (2014) A pragmatic 906 
approach to the analysis of diets of generalist predators: the use of next-907 
generation sequencing with no blocking probes. Mol Ecol Resour 14: 18-26. 908 
doi:10.1111/1755-0998.12156  909 
Polis GA, Anderson WB, Holt RD (1997) Toward and integration of landscape and 910 
food web ecology: The dynamics of spatially subsidized food webs. Annu Rev 911 
Ecol Syst 28: 289-316. doi:10.1146/annurev.ecolsys.28.1.289 912 
Pollierer MM, Langel R, Scheu S, Maraun M (2009) Compartmentalization of the soil 913 









C). Soil Biol Biochem 41: 1221-1226. 915 
doi:10.1016/j.soilbio.2009.03.002 916 
Ponsard S, Arditi R (2000) What can stable isotope (δ
15
N  and δ
13
C) tell us about the 917 
food web of soil macro-invertebrates? Ecology 8(3): 852-864. 918 
doi:10.2307/1940762 919 
43 
Post DM (2002) Using stable isotopes to estimate trophic position: models, methods, 920 
and assumptions. Ecology 83(3): 703-718. doi:10.1890/0012-921 
9658(2002)083[0703:USITET]2.0.CO;2 922 
Post DM, Doyle MW, Sabo JL, Finlay JC (2007) The problem of boundaries in 923 
defining ecosystems: A potential landmine for uniting geomorphology and 924 
ecology. Geomorphology 89: 111-126. doi:10.1016/j.geomorph.2006.07.014 925 
R Core Team (2015). R: A language and environment for statistical computing. R 926 
Foundation for Statistical Computing, Vienna, Austria. URL http://www.R-927 
project.org/. 928 
Scheu S (2002) The soil food web: structure and perspectives. Eur J Soil Biol 38: 11-929 
20. doi:10.1016/S1164-5563(01)01117-7 930 
Scheu S, Falca M (2000) The soil food web of two beech forests (Fagus sylvatica) of 931 
contrasting humus type: stable isotope analysis of macro- and mesofauna-932 
dominated community. Oecologia 123: 285-296. doi:10.1007/s004420051015 933 
Scheu S, Setälä H (2001) Multitrophic interactions in decomposer food webs. In: 934 
Multitrophic Interactions in Terrestrial Systems. Cambridge University Press, 935 
Cambridge, pp 223-264. 936 





N) of soil invertebrates and their food sources. 938 
Pedobiologia 48: 171-180. doi:10.1016/j.pedobi.2003.12.003 939 
Schoener TW (1989) Food Webs From the Small To the Large: The Robert H. 940 
MacArthur Award Lecture. Ecology 70(6): 1559-1589. doi:10.2307/1938088 941 
44 
Seeber J, Seeber GUH, Kössler W, Langel R, Scheu S, Meyer E (2005) Abundance and 942 
trophic structure of macro-decomposers on alpine pastureland (Central Alps, 943 
Tyrol): effects of abandonment of pasturing. Pedobiologia 49:221-228. 944 
doi:10.1016/j.pedobi.2004.10.003  945 
Tillberg CV, Holway DA, LeBrun EG, Suarez AV (2007) Trophic ecology of invasive 946 
Argentine ants in their native and introduced ranges. P Natl Acad Sci USA 947 
104(52): 20856-20861. doi:10.1073/pnas.0706903105  948 
Tiunov AV (2007) Stable Isotopes of Carbon and Nitrogen in Soil Ecological Studies. 949 
Biol Bull+ 34(4) 395-407. doi:10.1134/S1062359007040127 950 
Wise DH, Snyder WE, Tuntibunpakul P (1999) Spiders in decomposition food webs of 951 
agroecosystems: theory and evidence. J Arachnol 27: 363-370  952 
Zimmer M (2002) Nutrition in terrestrial isopods (Isopoda: Oniscidea): an 953 
evolutionary-ecological approach. Biol Rev 77: 455-493. 954 
doi:10.1017/S1464793102005912 955 
 956 
 957 
 958 
 959 
 960 
 961 
 962 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
